We measure the temperature distribution in a biased single-layer graphene transistor using Raman scattering microscopy of the 2D-phonon band. Peak operating temperatures of 1050 K are reached in the middle of the graphene sheet at 210 KW cm -2 of dissipated electric power. The metallic contacts act as heat sinks, but not in a dominant fashion. To explain the observed temperature profile and heating rate, we have to include heat-flow from the graphene to the gate oxide underneath, especially at elevated temperatures, where the graphene thermal conductivity is lowered due to umklapp scattering. Velocity saturation due to phonons with about 50 meV energy is inferred from the measured charge density via shifts in the Raman G-phonon band, suggesting that remote scattering (through field coupling) by substrate polar surface phonons increases the energy transfer to the substrate and at the same time limits the high-bias electronic conduction of graphene.
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Graphene, the recently isolated 2-dimensional carbon material with unique properties due to its linear electronic dispersion, [1, 2] is being actively explored for electronic applications. [3] [4] [5] [6] [7] [8] Figures of merit that have attracted attention are the high mobilities reported especially in suspended graphene, [9, 10] the fact that graphene is the ultimately thin material, the stability of the carbon-carbon bond in graphene, the ability to induce a bandgap by electron confinement in graphene nanoribbons, [5] [6] [7] and its planar nature, which generally allows established patterning and etching techniques to be applied. Among the disadvantages are difficulties in fabricating wafer-sized graphene, the poor on/off current ratios, and the apparent degradation of carrier mobility in graphene once it is placed in contact with an oxide. Considering that graphene has been studied for just a few years, it is understandable that many important questions remain unanswered.
One such question concerns heat generation and dissipation in graphene field-effect transistors (FETs). This would become an important issue for example when a large current drive is needed to address several other FETs, or when high switching speeds for radio-frequency applications are desired. [8] The dissipated electric power can then raise the operating temperature to a point where thermal management becomes critical.
To our knowledge, there is no published work on graphene thermal transport in field-effect transistors. Thermal transport properties of the related carbon nanotube fieldeffect transistors have previously been analyzed, using the break-down method, where the drain voltage is ramped up until devices fail. [11, 12] The oxidation temperature where breakdown occurs is roughly known, so a temperature could be assigned to the location where the device failed. In a different approach, the temperature distribution in a biased multi-walled carbon nanotube was measured with a scanned thermal probe. [13] Raman spectroscopy has also been used to measure the population of specific phonons in nanotubes albeit without spatial information. [14] [15] Here we use spatially-resolved Raman spectroscopy to measure the temperature distribution in biased graphene FETs.
The position of the Raman-active 2D-phonon band near 2700cm -1 , involving two optical phonons with equal and opposite momentum near the zone boundary, is strongly dependent on the local temperature, and can be used as a microscopic thermometer. [17] The Raman G-optical phonon band at ~1600cm -1 is, in addition to temperature, highly -2 -susceptible to local doping, [18, 19] and can be used to detect drain-bias induced changes in the Fermi level. We find that when the graphene FET is electrically driven to the current saturation regime, the 2D-derived temperature can reach 1000K. Direct heat flow from the graphene to the substrate dominates even in devices with thick (~300nm) gate oxides. We find that the interface thermal resistance to the underlying SiO 2 ( ) is smaller than might be expected for an oxide film coupled weakly to graphene. This we can explain in terms of direct energy transfer from hot conduction electrons to substrate polar surface phonons (field coupling). [18, 19] , therefore play a minor role in the results below, probably due to the thick silicon-oxide used.
-1 1 cm Figure 1 shows the 2D-band of a graphene FET while a current is flowing through it. The 2D energy decreases sharply with increasing electric power and the peak broadens. As Fig. 1b shows, the decrease in energy is roughly proportional to the dissipated electric power, which suggests that Joule heating is responsible for the phonon softening. Temperature-dependent measurements of the graphene 2D-phonon band have
shown that its energy decreases linearly with temperature. [17] Using the proportionality factor of from this reference, we can calibrate a temperature scale for our electronic measurements and in this way find that the center of the graphene FET is heating up at a rate of
3.3 K kW cm . At the highest power density, , the graphene 2D-derived temperature reaches 1050K. From our experience with a number of other graphene FETs this is close to the maximal electrical power density that can be applied before devices start to fail, so the temperature calibration seems reasonable. Strain can also produce shifts in Raman bands [20] [21] [22] and one has to be aware of strain occurring in heating experiments. The amount of strain should however be similar in our electrically biased devices and in the thermally heated devices of reference [17] . The relation between Raman shift and temperature [17] should therefore hold in our experiments. The softening of the 2D-phonon band is especially useful for temperature measurements in graphene, since the G or 2D anti-Stokes intensities are very low. Indeed we tried to measure the anti-Stokes G-phonon band at the highest power density of and were unsuccessful. It is interesting to note that in the case of carbon nanotubes, even though they contain two orders of magnitude fewer carbon atoms within a focused laser spot than graphene, the anti-Stokes G-phonon band can be enhanced sufficiently by exploiting exciton resonances. [14, 15] edges of the graphene sheet, the 2D-band temperature is 15% reduced (Fig. 2b) , while near the contacts it is close to 50% below that at the peak (Fig. 2a) . The decrease in temperature near the edge of the graphene sheet is due to the lateral heat transport in the gate oxide and possibly also due to a reduction in current flowing near the edges of the FET due to edge doping. [23] The small deviations from perfect mirror symmetry can be attributed to differences in contact widths left (1.45 m) and right (1.25 m). As a result, the temperature maximum within the graphene sheet is not reached exactly in the middle of the FET, but instead 300 nm, or about 10% of the device length, to the right. The thermal conductivity of a single graphene layer has recently been measured using laserheating of suspended graphene. [24, 25] The reported values, and at room temperature, are many orders of magnitude greater than the thermal conductivity of the underlying SiO 2 (~) and of course that of air ( ). Lateral heat flow within the one-atom thin graphene sheet should therefore be very important. The observed peaked temperature profile in the biased graphene FET is consistent with this simple picture. The thermal conductivity of graphene is experimentally known to be on the order of at room temperature. [24, 25] However, the temperatures reached in our experiments are significantly elevated, and the temperature dependence of the thermal conductivity has to be accounted for. Electronic contributions to the thermal conductivity of graphene are negligible compared to phonon contributions. [24] At low temperature the major phonon scattering mechanism is defect scattering, which is temperature independent, so the temperature dependence of the thermal conductivity is
given by the number of phonon modes that are populated. The Debye temperature, up to which it is possible to populate higher phonon modes, is very high (thousands of degrees)
in all sp 2 carbon materials due to the high energy of the optical phonons associated with the carbon-carbon bond, so the thermal conductivity can be expected to reach very high values in the absence of other scattering mechanisms (the ballistic limit). [26] At sufficiently high temperatures however, anharmonic (phonon-phonon) scattering sets in, and the thermal conductivity is dominated by the reduction in the mean free path due to umklapp scattering. [27, 28] In an umklapp scattering event, two incoming phonons with sufficiently large wave-vector create an outgoing phonon with wave-vector outside the first Brillouin zone. The outgoing phonon is related by a reciprocal lattice vector to a phonon inside the first Brillouin zone whose momentum is less than the total momentum of the incoming phonons. The phonon contribution to the thermal conductivity is therefore reduced.
Molecular dynamics simulations have shown that the high-temperature thermal conductivity of graphene is indeed dominated by umklapp scattering and falls off rapidly.
[27] We are not aware of any published experimental work on the thermal conductivity of graphene at elevated temperatures. Fortunately, the graphene thermal conductivity can be seen as the large-diameter limit of the thermal conductivity of carbon nanotubes, [28] and for those, the onset of umklapp scattering is known to occur at T=350K. [29] We therefore make the assumption that the graphene thermal conductivity also drops above 350K and can be approximated as
(see supplemental information), which fits the slope beween 350K and 380K in reference [29] , when scaled to the peak value of . Below 350K we use the established value of . [24 ,25] Within this assumption, the graphene thermal conductivity is reduced from to for temperatures between and . Our results below are not very sensitive to the exact functional form of the decrease in thermal conductivity at high temperatures, but they are clearly inconsistent with a constant thermal conductivity of or with an increasing thermal conductivity as would be the case in the ballistic limit. is the emissivity of graphene taken to be equal to the graphene absorption [30] , is the Bolzmann constant, and is the area of the graphene sheet. The calculated radiation heat loss is only 8nW or a negligible fraction (10 -6 ) of the total electric power (6.2mW) that is dissipated. Thermal radiation toward the underlying silicon-oxide can be a bit larger, because of near-field enhancement. This contribution is included, together with the thermal coupling, and the heat conduction through intervening air, in the thermal interface resistance . We now turn our attention to the Raman G-phonon band. This band has also been shown to display linear temperature dependence, albeit with a smaller proportionality factor than the 2D-phonon band. [17, 31] Figure 3a shows spatial images of the G-band energy at different drain voltages. Strong phonon softening of the G-phonon band upon biasing is apparent. A striking difference from the 2D-mode case, however, is that even at zero drain bias, the G-phonon band within the graphene FET is stiffened (X 0_G~1 595cm -1 ) compared to the parts of the graphene that extend beyond the device (X 0_G~1 591cm -1 ).
The graphene G-phonon band has been shown before to stiffen upon electrostatic gating. [18, 19] Here, unintentional doping due to the introduced high electric power densities is responsible for the persisting G-band shifts (the device has experienced several cycles of drain voltage sweeps up to -4V before these measurements). By monitoring the I-V G characteristics of the FET, we know that this graphene sheet became more p-type over time. Presumably, the filling of electron traps in the gate oxide is responsible for the observed effect. From our Raman measurements and reference [18] we can estimate the Fig. 3b and 3c ). The
Raman-derived doping levels are consistent with doping levels estimated from the current-voltage characteristics and from the 2D/G intensity ratio (see supplemental materials). In addition they give local information, showing for example that doping levels are largest in the middle of the device where temperatures during previous device operation were highest.
Having established that charge trapping is responsible for the spatial and temporal doping variations that are revealed by the Raman G-phonon band, we must conclude that the G-band position cannot be used directly as an indication of temperature variation:
First, during electric operation, additional electron or hole traps could be filled, which empty again after the drain bias is removed; And second, a drain bias might be expected to add or remove charges to the sheet more efficiently than a gate voltage on the far-away backgate does (this happens for example in short-channel MOSFETs). These effects mask the temperature effect predicted for the G-phonon band.
A valid question that can be asked is whether the 2D-band thermometry itself can be trusted. One indication, that this is indeed the case, is the very low level of dopingrelated shifts in the 0V-image of the 2D-phonon band in figure 1c. Since we know from the concurrently acquired G-band image (Fig. 3a) that trapped charges are present, the 2D-phonon band must be insensitive to them. Recently, A. Das et al. [18] have measured the electrolyte gate dependence of the G-phonon and the 2D-phonon bands, and they found that the energies of both Raman bands are gate dependent. However, the gate sensitivity of the 2D-phonon band is about a factor of two weaker than the G band.
Furthermore, Calizo et al. [17] have found that the phonon softening due to thermal heating is about twice as strong for the 2D-phonon band. Therefore, to a good approximation, we can use the 2D-phonon band for the temperature measurement and the zero-bias G-band measurement for the dopant concentration.
To measure the carrier concentration in the active FET under drain bias, it is necessary to remove the temperature dependence of the G-phonon band, as shown in the inset of Figure 3c , by using the extracted temperatures from the concurrently-acquired 2D-phonon band. Here we assume that the measured temperatures via the 2D-band are equilibrium temperatures. Figure 3c shows the hole concentration, which decreases from at 0V drain bias to concentration N A at the high temperatures generated by the current, which lowers the Fermi-level because charge-neutrality needs to be maintained. [33] This effect is quite common in semiconductors at elevated temperatures, but should make a smaller contribution in heavily doped graphene.
Since the carrier density in the active FET is known from our Raman measurement, we can extract the saturation velocity from the I-V characteristics using 
contributing to the current in the saturated regime, and is the measured Fermi energy. The resulting phonon energy, 0.3eV
, is well below energies of optical phonons in graphene, which are a factor of 4 larger. On the other hand, substrate polar surface phonons in silicon oxide have energies of 50meV, which is almost exactly what we measure and therefore most likely the dominant (remote) scattering process in supported graphene. This mechanism has been suggested in recent electronic transport experiments on graphene transistors [35, 36] and also in recent theoretical modeling. [37, 38] The direct excitation of surface phonons in the silicon oxide by field coupling to the hot conduction electrons in the neighboring graphene is a process that is not included in our classical heat-flow simulation above. 
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In conclusion, the gate stack (300nm SiO 2 on silicon) directly below the active graphene channel is responsible for 77% of the heat dissipation, while the remainder is carried to the graphene that extends beyond the device and metallic contacts. Operating temperatures could therefore be reduced substantially through scaling of the device (especially the gate oxide thickness), which is desirable anyway, since it allows higher integration densities and switching speeds. A surprisingly efficient thermal coupling between graphene and the underlying silicon oxide exists. We attribute part of the energy flow into the substrate to remote-scattering of 50meV substrate polar surface phonons by hot graphene electrons. taken from a measurement on multi-walled carbon nanotubes. [29] The red curve is used to model the temperature dependence of the graphene thermal conductivity. Note that the room-temperature thermal conductivity of the nanotube, , is not the same as the reported graphene thermal conductivity at room temperature,
, [24] and we re-scale the MWNT curve to coincide with the graphene result at T=300K. 
